In this paper,we discussed the particle creation in de Sitter spacetime. When discussing the particle creation in a very short span, in used of the temperature of de Sitter space, We found that we must quantize the time.
Intruction
In this paper,we discussed the particle creation in de Sitter spacetime. When discussing the particle creation in a very short span, in used of the temperature of de Sitter space, We found that we must quantize the time.Recently, the search about the SNIa show that the Universe is dominated by the dark energy with the state of p = −ρ [1] [2] , which suggests that our Universe is a de Sitter Universe. This is like the inflation stage of Universe happened at the very early Universe, which was held by the WMAP [3] . So it is very important to research the quantum field theory in the de Sitter spacetime.
We all know there are particle creation in the curved spacetime for the vacuum state is not unique.
A lot of people have discussed the particle creation in the de Sitter spacetime.
The Vacuum state in de Sitter space
Here we first simply discuss the massless scalar field in the de Sitter spacetime. (Like Danieleeon's discussion [4] ).
Let us consider an de Sitter spacetime of
which the scalefactor is given by a(t) = e Ht .The normal Langrangian density is
where φ(x)is the non-mass scalar field,R is Ricci scalar curvature,ξ is a numerical factor.So the equation for the field in this background is given by
where
. When ξ = 1/6,we call the conformally coupled case;ξ = 0,is the minmally coupled case.
If we set η = − 1 aH ,which is the conformal time.The metric can be written as
Define the rescaled field µ = aφ,we find
in Fourier space. Here we choose the minmally coupled case.Prime refers to derivatives with respect to conformal time. Note that we have k = ap, where p is the physical momentum which is redshifting away with the expansion (k is fixed). We will also need the conjugate momentum to µ k which is given by:
When quantizing the system it turns out that the Heisenberg picture is the most convenient one to use. A nice discussion of this approach can be found in [?], see also [?] . In terms of time dependent oscillators we can write
The oscillators can be conveniently expressed in terms of their values at some fixed time η 0 ,
which is nothing but the Bogolubov transformations which describes the mixing of the creation and annihilation operators as time goes by. Plugging this back into the expressions for µ k (η) and π k (η) we find:
is a solution of the mode equation (5 ). We are now in the position to start discussing the choice of vacuum. A reasonable candidate for a vacuum is
In general this corresponds to a class of different vacua depending on the parameter η 0 . At this initial time it follows from (8) that v k (η 0 ) = 0, and the relation between the field and its conjugate momentum is particularly simple:
This choice of vacuum has a simple physical interpretation. It is easy to show that it corresponds to a state which minimizes the uncertainty at η = η 0 . Using µ k = π k = 0 it follows that
The latter expression is indeed minimized at η = η 0 where v k (η 0 ) = 0.
Let us now consider the standard treatment of fluctuations in inflation. In this case we have
and
The logic behind the choice is that the mode at early times (when η → −∞) is of positive frequency
and corresponds to what one would naturally think of as the vacuum. It is nothing but the state obeying But what if the initial conditions are chosen differently? In general we could have
with a nonzero B k . If we then work backwards, we can calculate what this corresponds to in terms of u k and v k . The result is:
At this point we should also remember that
from which we find
As we have seen, the choice of vacuum that we make requires that we put v * k (η 0 ) = 0 at some initial moment η 0 . This implies that
from which we conclude that
This vacuum state can been turned to the vacuum state in Minkowski space when k go to infinite or H is go to zero.This is a reasonable picture for us,because in these case,the space is go to Minkowski space.When η 0 go to infinite, B is go zero, it will go back to (15).In Allen's discuss,this state obeys the maximal symmetry:E(3) symmetry, for the de Sitter-invariant states for a real scalar field in de Sitter doesn't exist.
Particle Creation in de Sitter Space
Let us discuss the particle creation in detail.If the scalar field is at vacuum state at η 0 ,we calculate at
,what state it will be at?
From equation (15),we can easily get,at different time η,the vacuum state is different.It also can say:If the scalar field is at vacuum state at η 0 ,it will not at vacuum state at time η 1 .So there will be particle creation.
The relative amplitude for producing a pair of particle in final state (klm) and (kl-m)if none were in the initial state is
. By make use of (21)and (22),the square of this amplitude becomes
where ∆η = η 1 − η 0 ,∆t = t 1 − t 0 , which gives the relative probability of creating a pair in given mode.Absolute probabilities are obtained by requiring the total probability of creating 0,1,2,...paris to be unity:N klm (1 + ω klm + ω 2 klm + · · ·) = 1, or
This is also the absolute probability of creating no particles in the given mode.So the total number of the mode (klm) isn
In the following paragraph,we will discuss the temperature of de Sitter space.
The way to achieve insight into when there will be the appearance of thermal fluctuations in a quantum system is to start with the effect of a true thermal bath. Each eigenstate of the Hamiltonian in such a system will have a statistical weight given by the Boltzmann factor exp(-E/kT), and the expectation value for any operator will be
where ρ = exp( −H kT ).Now, quantum mechanics more commonly involves exponentials of the Hamiltonian in the form of time-evolution factor exp(iHt) -so the thermal average starts to resemble a time translation by the imaginary interval i/kT .This is another example of the concept of Euclidean time,t− − > it ′ ,which is commonly encountered in field theory.When applied to Green function, the thermal averaging procedure says that the Green function is periodic in Euclidean time:
This relation between G + and G − means that the Green function G = G + + G − is periodic. As it stands,this is a rather abstract result,but what it means is the following:if a metric is periodic in Euclidean time,so will be the Green functions and hence there will be thermal fluctuations whose temperature can be read off from the periodicity.The analytic continuation method show that de Sitter space(include flat condition and close condition) contains thermal fluctuations.The Temperature is
so it should give a black body radiate in which the particle number of (26) should obey the Bose-Einstein distribution. We can easily get the following relation:
A discuss on The Result
How to understand the meaning of equation (30)?Here we give a explain.We can find in de sitter space,the time is not continuing. If the scalar field is vacuum at time t 0 ,it possibly will jump to the time of t 1 ,and create the particles with ω 1 ,it also jump to the time of t 2 ,and create the particles with ω 2 and so on.Which time it will jump to?We do not know,but we know the probability distribution,which distribution will give a Bose-Einstein particle number spectrum. This picture is like to the normal quantum picture.
A Discuss on The Conformally Coupled Case
We will discuss the conforamlly coupled case. When we choose this case, ξ = 1/6 and the equation (5) will become
which is completely equate to the case in Minkowski space.So where will only vacuum state in all time and will no particle creation in this case.This result had been get by several authors.For the thermal system,we define the temperature of the system must require the system is in a state of thermodynamic equilibrium.But here, the massless field in de Sitter space is in vacuum state.It can get thermodynamic equilibrium.If we want to the temperature has meaning, we must assume the de Sitter space has no change,or say that we should assume that there is no particle .Although this can't realize in a long time,but can realize in a very short span. In the conformally coupled case,there is no particle creation, so we should can get the temperature in this case.This result was originally discovered by Gibbons and
Hawking,which is same as the result of (29).
